A model simulating transient optical properties during laser damage in the bulk of KDP/DKDP crystals is presented. The model was developed and tested using as a benchmark its ability to reproduce the well-documented damage initiation behaviors but most importantly, the salient behavior of the wavelength dependence of the damage threshold. The model involves two phases. During phase I, the model assumes a moderate localized initial absorption that is strongly enhanced during the laser pulse via excited state absorption and thermally driven generation of additional point defects in the surrounding material. The model suggests that during a fraction of the pulse duration, the host material around the defect cluster is transformed into a strong absorber that leads to significant increase of the local temperature. During phase II, the model suggests that the excitation pathway consists mainly of one photon absorption events within a quasicontinuum of short-lived vibronic defect states spanning the band gap that was generated after the initial localized heating of the material due to thermal quenching of the excited state lifetimes. The width of the transition (steps) between different number of photons is governed by the instantaneous temperature, which was estimated using the experimental data. The model also suggests that the critical physical parameter prior to initiation of breakdown is the conduction band electron density. This model, employing very few free parameters, for the first time is able to quantitatively reproduce the wavelength dependence of the damage initiation threshold, and thus provides important insight into the physical processes involved.
INTRODUCTION
A key feature of laser-induced damage is that it transforms a nominally transparent non-absorbing material into a plasma with temperatures on the order of 1 eV and pressures on the order of 10 GPa [1] [2] [3] [4] . This transformation occurs while the physical properties of the material are rapidly modified while hydrodynamic expansion effects can play an important role. The origin of damage has been extensively explored for more than 50 years and a general understanding of the processes involved has been developed. More than 40 years ago, Anisimov et al [5] concluded that "If the light intensity exceeds a certain critical value, a wave of heating and light absorption arises and propagates in to the medium. The effective size of the absorbing region increases…" and "…the absorption coefficient be a strong function of the temperature." The same year, N. Bloembergen [6] argued that "The concentration of the electric field strength in the neighborhood of micropores and cracks may lower the nominal external intensity for electric avalanche breakdown by a factor 2-100…" and "…the presence of absorbing inclusions at edge of microcracks will be the dominant mechanism". In spite of significant progress in producing higher damage resistance optical materials, the description of how the nominally transparent material is transformed to a strong absorber remains qualitative and existing models are limited. KDP (and DKDP) crystals are suitable candidate material for modeling the transient material properties at the onset of damage initiation because: (a) KDP exhibits a low melting point (on the order of 400 K), so phase transition and damage related processes take place at a lower temperature with limited influence of hydrodynamic effects; (b) there is significant prior work documenting their damage initiation behaviors as well as experimental results that probed the electronic structure of the damage precursors. Specifically, there are a number of studies that have measured a number of key aspects of the laser induced damage behavior of bulk KDP/DKDP crystals including a) the wavelength [7] and pulse length [8] dependence of the damage threshold as well as under exposure to multiple wavelengths [9] [10] [11] [12] . These results provide indirect information about the underlying processes that govern the dynamics of the energy deposition process. In turn, these processes are related to the transient material optical properties that enable the coupling of the laser energy to the material. A number of models have been proposed that typically involve the presence of damage precursors that couple energy into the material via linear absorption. However, although such models were able to reproduce a subset of the damage behaviors under specific excitation conditions, they contain no physical mechanisms that can anticipate the observed wavelength dependence of the laser-induced damage threshold (LIDT). It was proposed that damage may involve a multistep absorption mechanism but no specific physical scenario and associated modeling were suggested [7] .
The goal of this work is to develop such a model to describe the transient optical properties in KDP/DKDP crystals at the onset of bulk damage initiation. We test the model by using as a benchmark its ability to reproduce well-documented damage initiation behaviors. This allows us to estimate the value of some of the physical parameters involved and provides insight into the processes involved during damage initiation leading to plasma formation. As the final stage of the process involves the formation of warm dense matter (with solid density and temperature in the eV range), this model also helps to enhance the understanding of the physical processes in a regime that remains largely unexplored.
RESULTS
This effort is motivated by experimental results that have been described elsewhere. In particular, there are two key spectroscopic damage-testing results that have revealed salient behaviors of the damage threshold as a function of the laser wavelength that provide the basis for the development of this model. These key results are shown in Figure 1 . Specifically, Figure 1a shows the LIDT in DKDP as a function of the laser wavelength. A detailed description of the experiments is provided in Ref 7
. These results demonstrate that the damage threshold exhibits steps at photon energies that correspond to submultiples of the material bandgap. This in turn suggests the direct involvement of the host material rather than a "foreign" precursor (such as impurities or stoichiometric defects). However, the size of the "steps" is very small compared to that expected for typical nonlinear mechanisms such as multiphoton absorption. Figure 1b shows the relative damage efficiency (γ) of 2ω pulses compared to 3ω pulses as a function of the individual and combined exposure fluence at these wavelengths. A detailed description of the experiments is provided in Ref. 12 . The damage efficiency is defined as the ratio of the 3ω fluence that can replace certain 2ω fluence under simultaneous exposure to 2ω and 3ω laser pulses to generate the same measured damage density. In simple terms, what 3ω laser fluence is needed (nominator) to replace certain 2ω laser fluence (denominator) to cause the same amount of damage. For example, assuming a linear absorption model, the relative damage efficiency should be a constant. Instead, the results shown in Figure 1b indicate the γ varies widely, depending on the individual fluence at each wavelength. For higher fluences the value is about 0.8 but for lower fluences this value can be as low as roughly 0.2. Interestingly, the value of γ starts at about 0.4 at the lowest fluences but then decreases to roughly 0.2 before it recovers. This suggests a "bottleneck" in the excitation pathway that makes the 2ω light less efficient in generating damage as the laser intensity increases. Valence Band E-0 Figure 2 . Schematic depiction of the electronic structure and excitation pathway of the defect clusters in bulk KDP/DKDP crystals a) before and b) after thermal quenching of the excited state lifetimes.
Assuming that damage initiates for the energy deposition to a precursor, the decrease of γ with increasing excitation conditions may be attributed to the electronic structure of the precursor (light absorbing) defect. Thus, we proposed that nanometric defects incorporated in the crystal lattice induce electronic states in the band gap that can facilitate excitation of valence electrons into the conduction band through sequential one-photon absorption events, thus, a priori providing the mechanism for energy deposition and heating in the course of the interaction with the laser pulse. In addition, the electronic structure contains a series of excited states with the energy separation between the 1 st to the 2 nd excited state able to be bridged through a single photon absorption at 3ω but not at 2ω. We postulated that this difference in the energy separation (between the 1 st to the 2 nd states) produces the mechanism that supports the observed "bottleneck". A schematic depiction of the projected electronic structure is shown in Figure 2a .
Based on this structure, a rate equation system to describe the transition of electrons from the ground state to the conduction band was developed. This approach was described in detail in Ref. 12 . Assuming that the generated energy from non-radiative relaxation leads to temperature rise (while not including additional effects discussed later, which do not affect the model generated behavior of γ), this general approach reproduces the general behavior of the relative damage efficiency (γ) shown in Figure 1b . This model also reproduced the measured damage threshold values at 3ω as a function of laser pulse-length [8] , further highlighting the potential of this approach to describe the damage initiation process. This approach assumed that damage initiation is associated with a "damage threshold temperature" where damage is initiated when the material reaches this threshold temperature. However, it must be recognized that the temperature and conduction band electron population are monotonically related within the description of this model, which implies that a "threshold temperature" is equivalent to a "threshold conduction band electron population".
Based on these initial encouraging results, the rate equation system was expanded to include the concept that the energy deposited (local temperature rise) lead to generation of new defects through heat transfer. We assumed that these new defects cause additional absorption (within the damage precursor region and in the surrounding region), thus also satisfying the requirement that "the absorption coefficient be a strong function of the temperature" [5] . Time-resolved imaging results of laser induced damage initiation in bulk DKDP were also supportive of this hypothesis as described in more detail in Ref. 13 . This hypothesis is also consistent with earlier work using nanoparticles as damage precursosrs [14] . This enabled us to model the evolution of the temperature, electronic densities, and absorbed power density as a function of time inside the expanding absorbing region as well as the dynamics of this expansion (driven purely by heat conduction and secondary defect generation). A detailed description of this work is presented in Ref. 13 for the case of damage initiation with 3ω pulses. Representative results from this effort are shown in Figure 3 . Specifically, Figure 3a shows the evolution of the temperature at the center of the absorbing region as a function of time assuming flat in time laser pulses. The results show that about 300 ps from the onset of the laser pulse, a "thermal explosion" is taking place with the temperature of the material rapidly reaching over 1000 K, at about 600 ps. Figure 3b describes the absorbed laser energy by the electrons populating each of the excited states. The latter results show that at the time of "thermal explosion", the larger contribution arises from the electrons in the conduction band, followed by the electrons occupying the 2 nd excited state. These results also yielded a number of fitting parameters, which were developed to fit the array of experimentally measured profiles shown in Figure 1b . Overall, the fitting and material parameters used in this model are summarized in table 1. Table 1 : Material parameters used in the modeling along with fitting parameters obtained from reproducing using the model the experimental observations The model described above was able to reproduce the experimental results shown in Figure 1b as well as the pulselength dependence of the damage threshold but when tested, it was unsuccessful to reproduce the wavelength dependence of the damage threshold. It was apparent that a component of the physics involved was missing from this model. The results of Figure 1a suggest that the LIDT "steps" are related to the host material band structure while the model assumed the electronic structure of the precursors. It was clear that the missing physics was centered around this critical point. It was also apparent that the missing component in our model was not significantly affecting the overall behavior at a single wavelength but it was becoming important when varying the wavelength. We postulated that this missing component must be at the end of the assumed physical scenario, namely after the initiation of the "thermal explosion". To address this issue, we considered all of the possible material parameters that can be significantly altered by the increase of the temperature. For example, phase transition can cause loss of energy and change of the electronic structure of the defects, but this could not yield the transition from the defect-centric electronic structure to the hostcentric electronic structure that could conceivably thereafter reproduce the LIDT "steps" that correspond to submultiples of the host material bandgap.
The other physical process related to the increase of the material temperature is commonly referred to as "thermal quenching of the excited state lifetime". This originates from the energy required to thermally excite electrons located near the lowest vibrational states of the excited states to stimulate their nonradiative relaxation, thus quenching (reducing) their excited state lifetime. This behavior is typically abrupt occurring within a narrow range of temperature where the lifetime of the excited state can change by two orders of magnitude or more [15] [16] [17] [18] . Assuming this process in our model, the lifetime of the excited stated states (see table 1) will be reduced to be on the order of 10 ps or less. This is typically the lifetime for phonon relaxation, thus the lifetime of the excited state vibronic levels. As background information, these vibronic levels are always present in the electronic manifold of defects located in solid state materials and represents the coupling of an electronic state with a number of vibrational states. The vibronic states give rise to the broadening of the absorption spectrum as well as that of the emission spectrum. However, the emission typically arises from the lowest vibronic levels of the excited states as the electron nonradiatively relax. Also, transiently populated vibronic states also give rise to emission but the strength of this emission is very weak due their short lifetime and it typically is referred to as "hot luminescence". Therefore, assuming within this model that the lifetime of the lowest energy vibronic states of the excited states becomes approximately equal to that of the rest of the vibronic states, the electronic structure of the defect system depicted in Figure 2a is transformed into a continuum of vibronic states bridging the region between the valance and the conduction bands as schematically depicted in Figure 2b .
The rate equation system is thus modified to include the continuum of vibronic states having lifetimes on the order of 10 ps and the thermal population of vibronic states by valance band electrons. A detailed description of this approach is provided in Ref. 19 . It must be noted that this representation of the system represents the phase II of the material behavior, which follows the heating of the material during phase I via the (previously discussed) defect driven energy deposition. In addition, due to the short lifetimes of the vibronic states involved (~10 ps), the rate equation system is converging very fast, in less than about 100 ps. Thus, this model is applicable only for about 100 ps after the quenching of the defect excited state lifetimes. On the other hand, the electronic structure during phase II is significantly simpler than the original electronic structure involving only the valance and conduction bands with a continuum of vibronic states, all having the same lifetimes. As a result, the number of free parameters is very limited.
We first attempted to model the behavior of this system assuming that the transition rates between all vibrionic states is always the same, independent of the wavelength nor the transition step within the electronic-vibrational system manifold. This is essentially an attempt to model the system using only one free parameter. The goal of this approach was to test the general predicted trends, namely the formation of "steps" in the LIDT as a function of wavelength, qualitatively similar to those observed in Figure 1a . However, we needed to choose the physical parameter that is associated with the "damage threshold" event. A threshold temperature or conduction band (cb) electron density has often been used as determining parameter of the damage threshold. These two quantities are functionally equivalent (monotonically related) when considering only a single wavelength. Our initial efforts assuming a "damage threshold temperature" to reproduce the experimental results of LIDT as a function of laser wavelength were not satisfactory. Efforts assuming a "threshold conduction band electron density" yielded excellent fits to the data. To our surprise, this very simple approach yielded an excellent fit to the data of the damage threshold as a function of wavelength (shown in Figure 1a ) as depicted in the fitting results shown in Figure 4 as a broken line. In fact, the only free parameter used here is the one-photon absorption cross sections Σ i j =0.88x10 -18 cm 2 . Just this single parameter produces an excellent fit except for the predicted value of the damage threshold above the higher energy step (≈3.9 eV) where it predict a LIDT of 3.5 J/cm 2 compared to ≈6 J/cm 2 measured. This difference is diminished by making the physically expected assumption that transitions terminating in the conduction band should exhibit a much higher absorption cross section. By assuming this to be Σ j cb =0.33x10 -17 cm 2 , a fit that is qualitatively seamless is produced as shown by the solid line fit in Figure 4 . A key feature of the LIDT vs wavelength experimental data is the width and contour of the step, especially that at 2.55 eV which is characterized by a larger number of experimental data points. Within our model, we found that that the governing parameter of the profile of the LIDT step is the temperature. Higher assumed temperature leads to a larger width while smaller temperatures gives rise to a "steeper" step. This effect is demonstrated in Figure 5 . We can therefore use the experimental results to estimate the temperature of the material at the time point of damage initiation. Best fit to the data suggest that the estimated temperature is ≈600 K.
Since the temperature of the material can be estimated from the experimental data, the energy balance equation allows estimation of the total energy deposited and, in turn, the fraction of absorbed energy used for heating (to reach the estimated temperature). This estimation suggests that, using a "damage threshold" conduction band electron population density of ≈10 18 /cm 3 , about 50% of the energy absorbed is used for heating while the rest is consumed in other processes (such as shockwave generation, phase transformation, etc.). The model always allows realistic fits using other physically reasonable values of these initial parameters by only modifying the values of Σ i j . This suggests the reliability of the proposed physical scenario and the robustness of the associated model. 
DISCUSSION
Our semi empirical approach leads to good agreement between predicted trends and the corresponding experimental observations using a very small number of fitting parameters. The model provides estimates of the excitation and energy balance parameters which have been discussed in detail in Ref. 19 . The model suggests a sequence of stages and requirements preceding damage initiation. Specifically, the precursors having a high density of defects and large enough size will initiate damage at lowest fluence. A damage precursor is a cluster of stoichiometric defects with a concentration on the order of 10 19 /cm 3 and electronic structure that contains distinct excited states. Phase I begins with the heating of the material and secondary defect formation. As the laser intensity remains high for sufficient time (with the time duration of this process depending on the pulse-shape) to heat the material to a certain temperature. When this temperature is reached, quenching of the exited state lifetimes leads to the generation of a quasi-continuum of vibronic states. This represents the onset of phase II. The duration of phase II is on the order of ≈100 ps, during which the conduction band electron population reaches a density of ≈10 18 /cm 3 . At this point, phase III begins and is associated with a runway process (of conduction band electron multiplication and plasma formation together with hydrodynamic response of the material [20] ) dominating the energy absorption process that is maintained for the remaining length of the pulse. The characteristics of the final damage site depend on the amount of energy deposited during this last phase. Also, the initiation of laser induced damage is associated with the beginning of phase III.
It can be considered that the quasi-continuum of states is not due to the temperature increase but it pre-existed as part of the electronic structure of the defects. This physical model is actually common in ion-doped or color center dielectric material and is manifested by a strong broadband absorption but no emission. The former is due to the quasi-continuum of vibronic states and the latter due to the very short lifetime of the excited states, namely, the relaxation process (following absorption of a photon) is nearly entirely nonradiative. This model can be considered but in order to reproduce the results of Fig. 1b , a wavelength dependent one-photon absorption cross sections (Σ i j ) must be introduced.
